It is well known that the earth's subsurface is a layered sequence of different constituent media at a variety of scales. This layered sequence will be transversely isotropic with the axis of symmetry lying perpendicular to the layering. The elastic parameters of such equivalent medium of stack of thin layers can be derived analytically from the elastic properties of the constituent layers. The anisotropic parameters of a transversely isotropic equivalent medium which is composed of two isotropic materials have been derived and computed results are studied. It is observed that these parameters are highly anisotropic for the equivalent medium if two isotropic and homogeneous layers are having different shear moduli and different V/V ratios. To study the response of investigating seismic waves in such a medium, an effort has been made to derive the analytical expressions of group velocity, move out velocity and travel time of quasi-P (P-P), quasi-S (SV-SV) and transverse (SH-SH) waves. These analytical expressions have been computed and results are studied in detail. It is found that the response of seismic wave parameters changes significantly for different composition of two isotropic materials with significantly different shear moduli and different ( Vs/V ) ratio which is clearly seen in the results of moveout velocity and moveout travel time for all the three waves. Finally, the implication of this study in various steps of seismic exploration has been discussed in depth.
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Introduction:
With the advent of digital recording and growing high speed computers a new era has started in the seismic prospecting with the improved data quality and geophysicists are looking for finer and finer details in reservoirs through seismic attribute's in addition to structural mapping. More and more high-resolution P-wave data are being acquired for waves traveling very close to vertical. The acquired data are processed and interpreted to delineate the thin beds having small areal extents by assuming isotropic model of earth's subsurface. Therefore, it is assumed that these waves will not be affected by lateral variation of earth's subsurface i.e" by transverse isotropy. However, lateral variation will affect seismic wave propagation for steeply dipping structures and for large source-receiver spacings where incidence angle is large with the normal to the reflector and with the vertical. In these situations, ignorance of anisotropy in conventional processing and interpretation of seismic data has lead to serious errors that have been either unrecognized or attributed to data acquisition and various processing problems. The importance of anisotropic phenomena in wave propagation, processing and interpretation of seismic data is now widely recognized by the exploration community after advent of multicomponent recordings, 3-D seismic surveys, crosswell seismics and vertical seismic profiling ( Helbig, 1994) .
Most of the existing work on reflection seismology in anisotropic media has been carried out for transversely isotropic media with vertical axis of symmetry and it has been reported in the literature byvarious workers from time to time. Thomsen(1986) has derived a set of parameters that can be used to describe the transverse isotropy of a single layer and approximated travel time curves of a wave in a single anisotropic layer only by initial slope of T 2 and X 2 plots. Rommel (1993) has derived analytical expressions of offset dependent polynomials of moveout velocity and travel time using Thomson's (1986) parameters in a weakly transversely isotropic media and emphasized the inclusion of anisotropy in interpretation of the seismic data. Tsvankin and Thomsen (1994) presented an analytical and numerical analyses of short and long spread moveouts for single and multilayered transversely isotropic media by using three term Taylor series expansion. Singh and Kumar (1995) have derived more accurate analytical expressions of ray velocity, move out velocity and travel time including the contribution of first order derivative of phase velocity with respect to phase angle for reflected quasi-P (P-P), quasi-S( SV-SV) and transverse (SH-SH) waves in a single transversely isotropic layer which was ignored by earlier workers. Numerical results of this study have shown that moveout velocity changes significantly at zero offset and at smaller as well as larger offset distances due to contribution of first order derivative of phase velocity which inturn results into the significant change in the travel time at finite offsets. Thomson's(1986) anisotropic parameters of the equivalent medium of a stack of thin layers have been derived using the elastic properties of the constituent layers by Brittan et al. ,(1995) analytically. These parameters enables greater understanding of the layered sequences indicating to what degree, particular combination of materials will appear anisotropic to seismic experiments. Very recently, Benyman et al., (1997) have analyzed the range of Thomsen anisotropic parameters for finely layered vertical transversely isotropic (VT1) media and their usefulness as indicators of rapid spatial changes in fluid content in the layers for which Gassmann's (1951) equation shows that the effect of fluids influence only Lame' constant (c) and not the shear modulus(m). The elastic constants of VTI media defined in terms of composite elastic properties of layered sequences may also be very useful for investigating seismic waves whose wavelength is shorter than the thickness of layered sequences. The interpretation of travel time curves over a layered medium would give more physical insight if analytical expressions for such travel time in terms of anisotropy parameters of earth's subsurface can be derived more accurately.
Keeping this in view, in this study an attempt has been made to study the effect of anisotropy parameters of a layered sequence on various physical characteristics such as phase velocity, group velocity, move-out velocity and travel time of quasi-P (P-P), quasi-S (SV-SV) and transverse (SH-SH) waves. It is found that various composition of two materials with different elastic properties of a layered sequence changes seismic wave parameters significantly which may lead to significant errors in representation of earth's subsurface if the presence of anisotropy due to thin layering is not accounted properly.
Theoretical Background of Elastic Anisotropy:
The wave equation in any media can be described by the equation of motion as
where p designates the density of the medium, t is time, x j represents the position vector of the considered point in the medium, u i represents the components of displacement at this point due to deformation and s ij is the components of the stress tensor. For a linear, elastic and anisotropic material, Hook's law states that each component of the stress s ij is linearly proportional to the strain e kl and is expressed by
where C ijkl , is a tensor of rank fonr in three dimensions and obeys the laws of tensor transformation. This elastic stiffness tensor completely characterizes the elasticity of the medium and has a total of 81 components. Here s ij and e kl are the general tensor of rank two in three dimensions and each one has 9 components. Symmetry of stresses and strains reduce the number of independent elastic constants from 81 to 36 for a tensor of rank four. The stiffness tensor C ijkl can be represented more compactly by 6x6 matrix C ab following Voigt recipe. Further, for a unique strain energy potential the number of independent nonvanishingly distinct elastic constants reduce from 36 to 21. This is the maximum number of elastic constants that any linear elastic medium can have without loss of generality. Restriction imposed by symmetry consid-3 GEOHORIZONS Vol . 
where C 12 = ( C 11 -C 22 ). Here independent and nonzero elements are C 11 and C 44 only and they are related with Lame' parameter(c), Shear modulus(m) and Bulk modulus (K) of the medium by
The physical properties of the earth's subsurface are often assumed to be isotropic i.e., independent of direction. This is convenient for theoretical point of view but very far away from the reality. Preferred orientation of mineral grains or shapes of isotropic minerals, parallel fractures or microcracks controlled by regional stress field and thin bedding of isotropic layers in the earth's subsurface makes most physical parameters in the vertical direction different from those inhorizontal directions. This phenomena is known as anisotropy and such material is known as Transversely isotropic with vertical axis of symmetry which has been discussed in detail by Singh et al.,(1997a, b) . Transversely isotropic ( Hexagonal ) symmetry is most often observed in shales which constitute about 75 percent of the clastic fills of the sedimentary basins of the world. A transversely isotropic elastic material is completely specified by five independent constants among 12 nonzero components. In terms of C ab the elastic constants can be represented in matrix form as
where C 12 = (C 11 -2C 66 ), Here z-axis lies along the axis of symmetry.
Anisotropic Parameters of a Layered Media:
Propagation of seismic waves in anisotropic medium is different from the propagation in isotropic medium. When a seismic signal propagates in a stratified media, which is composed of elastically homogeneous and isotropic layers having small thickness as compared to the propagating seismic signal wavelength, then the layered medium can be replaced by an equivalent nondispersive transversely isotropic medium with axis of symmetry lying perpendicular to the layering. The elastic properties of this equivalent transversely isotropic medium can be derived algebraically from the elastic properties of the material that compose the layers (Backus, 1962) . The conventional notations for transversely isotropic medium discussed in the previous section do not provide analytic insight about the hidden strength of anisotropy and condition for elliptically anisotropic medium on seismic wave signatures. An alternate notations for the five elastic constants of a transversely isotropic medium with vertical axis of symmetry were suggested by Thomsen(1986) . The idea of Thomson's anisotropic parameters is to separate the influence of anisotropy from the isotropic quantities i.e., P-and S-wave velocities along the symmetry axis. Five elastic constants needed to describe the vertical transverse isotropy (C 11 , C 33 , C 44 ,C 66 and C 13 ) can be replaced by the vertical velocities V PO and V SO of P-and S-waves respectively and three dimensionless parameters s, 5 and y. These new parameters can be written in terms of elastic modulus C ab as 
C 11 , C 33 , C 44 ,C 66 and C 13
where r is the density of the anisotropic medium.
Some of the advantages of Thomson's anisotropy parameters are as follows: 1.The dimensionless parameters e , d , and g go to zero for isotropic media and therefore conveniently characterize the strength of anisotropy. 2. The parameter e close to the fractional difference between horizontal and vertical P-wave velocities clearly defines the P-wave anisotropy. 3. The parameter g close to the fractional difference between horizontal and vertical SH-wave velocities clearly defines the SH-wave anisotropy. 4. The parameter d responsible for near vertical P-wave velocity variations. This is the parameter which determines the influence of anisotropy on short spread reflection data. 5. Elliptical anisotropy is a special case of transverse isotropy which is much simpler to understand through Thomson's anisotropy parameters than the conventional elastic constants. An elliptically anisotropic medium is characterized by elliptical P-wavefronts emanating from a point source. It is defined by condition
It has been observed that P-wave signatures are highly sensitive to the deviation from elliptical anisotropy i.e., for (e -d ) ¹ 0. This makes (e-d) one of the most important parameters for identifying the rapid spatial changes in fluid content in the porous layers for which the effect of fluid only influence the Lame' constant (l) and not the shear modulus (m). Brittan et al.,(1995) have derived Thomson parameters V PO ,V SO , e, d and g in terms of composite elastic properties of two constituent layers of homogeneous isotropic materials and are written as
where r 1 and r 2 are the densities, m 1 and m 2 are the shear modulus. l 1 and l 2 are the Lame' parameters of the two layers respectively. The S n 2 and T n 2 are defined as
The function S n 2 represent square of Pwave slowness for each layer, similarly T n 2 represent square of S-wave slowness for each layer and d) is the volume fraction of material 1 present in the layered stack.
Phase velocity:
The elastic parameters defined in eqns. medium which is composed of two isotropic and homogeneous layers, can be used to construct the tensor C ijkl , defined in eqn.
(1 b) so that, the constitutive relation is known for the anisotropic medium. This results in three independent solutions of wave equation, one quasi-longitudinal, one quasi-transverse and one transverse for each direction of propagation. All the three are polarized in mutually orthogonal directions. The directional dependence of phase velocities of quasi-P(P-P), quasi-S ( SV-SV) and transverse (SH-SH) waves in terms of five elastic parameters (defined in eqns. 7a to 7e) are written as Under weak anisotropic approximation i.e., for e«1, d«1 and g«1, The expressions of the phase velocities of quasi-P, quasi-S and transverse waves are written as
Where a= e 2 /{2(1-G 2 }
Group Velocity and Group Angle:
In an anisotropic medium, the waves are not necessarily perpendicular to the wavefronts. Since we are using ray path for computation of travel time, we need the velocity which provide the velocity of energy transport or the ray velocity at ray angle. It depends on the phase velocity at phase angle q. The group velocity for a wave in anisotropic medium is given in terms of phase velocity magnitude as
Here V I (q) is the magnitude of phase velocity and y is the ray propogation angle from the source point to the wave front which gives the direction of energy propagation. For isotropic medium, the ray velocity and ray angle are equal to the phase velocity and phase angle. Here subscript "I" represents quasi-P (P-P), quasi-S (SV-SV) and transverse (SH-SH) waves respectively. Substituting the values of phase velocities and first order derivative of phase velocity with phase angle after certain simplification, the generalized expression for group velocity can be written in rearranged form as Here, for quasi-P (P-P) waves A P1 =2d A P2 =2(e-d+a) 6 GEOHORIZONS Vol . 6 No. 1
January 2001 for quasi-S (SV-SV) waves The relationship between ray and phase angle in anisotropic medium is given by
Using phase velocity expressions given in eqns ( 9) and first derivative of phase velocity with phase angle, we can obtain analytical expression of ray angle for the corresponding wave which can be written in generalized form as
For q = 0° and q = 90° the derivative of phase velocity becomes zero and for these cases group velocity becomes equal to phase velocity and group angle equals to phase angle which is the case of isotropic media.
Moveout Velocity: Singh and Kumar (1995) demonstrated the effect of angular dependence of velocity on travel time with a single homogeneous anisotropic and horizontal layer and shown that slope of travel time function varies with an angle of incidence or equivalently with offset distance between source and receiver. The general equation governing the slope afall offset distances is given as
where V GI (y) represents the group velocity and V IMO represents the local moveout velocity of the corresponding seismie wave. Brown et al., (1991) have shown that for weakly anisotropic medium, the difference between phase angle and ray angle is of second order and therefore the ray angle can be equated to phase angle. Replacing phase angle q by ray angle in eqn. (11), the expression for the ray velocity can be obtained which is directly dependent on ray angle. After having direct dependence of ray velocity on ray angle the computation of moveout velocity at any offset is straight forward. The general expression for moveout velocity is written as 
Since ray angles are of secondary interest , the moveout velocities can be written in terms of offset(X) and desired reflector depth (Z). For ray angle y= tan -1 (X/2Z) £45°, Sin 2 y can be written as by Rommel (1993 ) by ignoring higher order contribution of anisotropic parameters. The general expression for normal moveout velocity can be obtained by retaining only first term of eqn. ( 17) i.e., for the limit X ---> 0. we can obtain
Substituting the value of coefficient L IO , we can obtain the NMO velocity for the particular wave which reduces to those reported by Thomson (1986) if higher order terms of anisotropic parameters are neglected. After retaining the first term only the expressions for normal moveout velocity of quasi-P (P-P), quasi-S (SV-SV) and transverse(SH-SH) waves for weak anisotropy reduces to 19(a)
The last result of normal moveout velocity for transverse (SH-SH) waves does not require the limit X-» 0, i.e.. The t 2 -X 2 graph gives straight line as it gives in case of isotropic media. This is the well known result for elliptical wavefronts (Van der Stoep, 1966) .
Travel Time Approximation:
After having approximation of moveout velocity or reciprocal slope of travel time curve, the travel time itself can be computed by integration over the offset distance. In this integration, constant of integration is the square of vertical travel time (t IO ) (20) Substituting the values of moveout velocity from eqn. (17) we can obtain the general expression of travel time which is written as (21) Here t IO = (2Z/V IO ). Above generalized travel time equation reduces to those given by Rommel (1993) by ignoring higher order contribution of anisotropic parameters.
Results and Discussion:
Using analytical expressions of anisotropic parameters Vpo, Vso and three dimensionless parameters g, 5 and Y given in eqns. (7a,b,c,d and e) for a transversely isotropic medium which is composed of two homogeneous and isotropic materials have been computed for m 1 =8.36 x10 Fig.(l a) . The variation in S-wave vertical velocity follows similar trend as described for P-wave vertical velocity (Fig. l b) . The variation of anisotropic parameter S with volume fraction (f) for different values of shear moduli is shown in Fig.(2a) and for different values of ( l 2 /m 2 ) at (m 1 /m 2 ) = 2 is shown in Fig.(2b) . The values of anisotropy parameter d increases with volume fraction (f) and becomes maximum for a particular volume fraction. With the further increase of f, the value of anisotropy parameter d decreases and becomes zero for f = 1. Maximum value of d depend upon the ratio of shear moduli. For (m 1 /m 2 ) > 1, the anisotropy parameter d is always positive and its maximum value shift towards higher value of volume fraction(f) where as for (m 1 / m 2 )< l, d is negative and maximum value shift towards lower f. The polarity of the anisotropy parameter d depends on ( l/m) ratio of the two layers. It is found that the value of anisotropy parameter d becomes negative when the condition ( l 1 /m 1 )<( l 2 /m 2 ) is satisfied. The value of d becomes zero if either (m 1 /m 2 ) or (Vs/Vp) ratio of the two constituent layers becomes equal.
-'
The variation of e and g with volume fraction (f) are shown in Fig. (3a,3b and 4) respectively. The anisotropy parameters e and g becomes zero if shear moduli of two layers are equal. The actual magnitude of these parameters depends on the difference between shear moduli of two layers as it has been discussed in case of the anisotropy parameter d. The maximum magnitude e and g occur at f = 0.5 for all the values of (m 1 /m 2 ). This means that the factor {f(1-f) }maximizes the value of e and g when there is an equal amount of material present. The value of anisotropy parameter e can be negative also if the difference between the sums of material 1's Lame' parameter and shear modulus (l 1 + m 1 ) becomes less than the sum of material 2 Lame' parameter and shear modulus (l 2 + m 2 ) i.e., (l 1 + m 1 ) < (l 2 + m 2 ) as it can be seen in Fig.(3b) . This means that the layer must have largest bulk modulus and smallest shear modulus (i.e., the layer must be the most incompressible and least rigid). Fig. (4) clearly shows that the value ofy is always positive. This suggests that for a two layer sequence the velocity of transverse (SH-SH) wave perpendicular to the axis of symmetry is always greater than or equal to the velocity of the S-wave parallel to the axis of symmetry. Thus, the computed results of five elastic parameters Vpo, Vso and three dimensionless parameters e, d and g for a transversely isotropic equivalent medium, composed of two homogeneous and isotropic layers have clearly demonstrated that to produce a highly anisotropic equivalent medium from a stack of two thin layers, the layers must have significantly different shear moduli and (Vs/Vp) ratio values.
Keeping this in view, an effort has been made to study the response of a seismic wave propagating through a transversely isotropic media which is composed of two isotropic and homogeneous materials, the numerical parameters used for this study are given in Table-1. Using the expressions of phase velocities for quasi-P (P-P), quasi-S (SV-SV) and transverse(SH-SH) waves given in eqns.(9a, b and c), the variation of phase velocity with phase angle for transversely isotropic equivalent medium which is composed of two isotropic and homogeneous materials have been computed and results are shown in Fig.(5) . The correlation of these velocities is made for different volume fractions of the material 1 (f) and it is found that for0<f<l, medium behaves as an anisotropic medium and phase velocity changes with phase angle significantly for all the three types of waves, the magnitude of phase velocity for 0< f<l lies between the phase velocity for f = 0 and f = 1. The difference between phase angle and ray angle has been computed using the eqn. (13) for all the three waves namely quasi-P, quasiSand transverse waves. This difference has been plotted against phase angle for different volume fraction of material 1 (f) and results are shown in Fig.(6) . For f = 0 and f = 1 the ray angle and phase angle becomes equal. As f increases this difference increases from -0.6° to 2.7° for q< 30°a nd it increases from 7.2° to 11° for q > 30° for quasi-P waves for a particular value of phase angle. With further increase in phase angle this difference reduces and becomes zero for q = 90°. In case of quasi-S waves this difference reduces from 17° to 10° as f increases from 0.3 to 0.8 for q <30° and it becomes zero at q = 45° for all the values of volume fraction of material 1ying in the range 0<f<l. This difference oscillate between -52° to 43° for the phase angle lying in the range 45<q<54° and with further increase of phase angle q it reduces and become zero at q =90°. In case of transverse waves the difference between ray angle and phase angle is always positive for 0<f<l. As volume fraction of material 1 (f) increases from 0.3 to 0.8 the difference reduces from 15.5° to 11.0° at particular value of phase angle q. With the further increase in q it follows similar trend as in case of other two waves. It is seen that the difference of ray angle and phase angle is quite significant as f for higher values of phase angle (i.e., for q>45° ) and it is minimum to moderate for q<45°F rom the analytical expressions of group velocity and group angle given in eqns (11 and l3) it is seen that the difference of group angle and phase angle propagate into the second order for further analysis of moveout velocity and travel time approximation. For short spread and intermediate spread length (0<X<2Z) in weakly anisotropic medium, phase angle and group angle have been equated as already discussed by Brown et al.,( 1991) . The variation of ray velocity with ray angle has been computed using eqn.(11) and results are shown in Fig.(7) . It is found that ray velocity follow similar trend as phase velocity with phase angle. The magnitude of ray velocity is found different from magnitude of phase velocity due to significant contribution of first order derivative of phase velocity for quasi-P, quasi-S and transverse waves.
The analytical expression of moveout velocity given in eqn.(l 7) has been used to compute the variation of moveout velocity with offset distance at reflector depth of 3.0 km for different composition of two isotropic materials which makes a transversely isotropic media for all the three waves and results are shown in Fig.(8) . At f =0 and 1 the moveout velocity is independent of offset distance and as f increases the moveout velocity decreases for quasi-P, quasi-S and transverse waves. For 0<f<l moveout velocity increases slowly as offset increases and after a critical value of offset it increases exponentially. In case of quasi-S waves the NMO velocity for f=0.3 and 0.5 is even greater than the NMO velocity for f=0 and 1. As offset increases moveout velocity decreases sharply for 0<f<l lies in between the NMO velocity for f=0 and 1. With the further increase of offset distance moveout velocity decreases and after a certain value it follows similar trend as in case of other two waves.
Using the generalized analytical expression of travel time given in eqn. (21), the variation of moveout travel time (Dt = t 1 -t io ) with offset distance have been computed for different composition of isotropic materials and results are shown in Fig.(9) for quasi-P, quasi-S and transverse waves respectively. It is found that the moveout travel time for quasi-P waves is minimum at f = 0 and maximum at f = 1 for X <3000m . As volume fraction of material 1 ( f ) increases moveout travel time decreases. For f = 0 and 1 the moveout travel time follows hyperbolic nature for all the three waves namely quasi-P, quasi-S and transverse waves at all offset distances whereas it becomes non-hyperbolic after certain offset distance for other composition of isotropic materials lying in the range 0< f<1. In case of quasi-S waves the moveout travel time is always less than for 0< f <l to the moveout travel time at f =0. This shows that the quasi-S waves are much more sensitive for the presence of anisotropy even at smaller offset also as compared to quasi-P and transverse waves. The moveout travel time of transverse waves also follows hyperbolic nature for lower offset distances at different f lying between 0 and 1. For higher offset distances the moveout travel time becomes non-hyperbolic in the presence ofanisotropy i.e., for 0<f<l. Thus, it is seen that the moveout travel time changes significantly for finite offsets as volume fraction of isotropic materials changes for all the three waves namely quasi-P, quasi-S and transverse waves.
Conclusions:
The equivalent medium composed of two isotropic materials produces a highly anisotropic medium if two layers are having significant difference in shear moduli and (Vs/Vp) ratio. This study has shown that the characteristics of seismic wave parameters such as ray velocity, moveout velocity and moveout travel time change significantly if wave is passing through a transversely isotropic medium which is composed of two homogeneous and isotropic materials. The interpretation of seismic waves passing through such medium may consequently lead to an inaccurate representation of earth's saurface if the presence of anisotropic is not taken into account properly. The analytical formulation given here may also be very useful when combined with migration and inversion algorithms where intensive computations are' required. This study also emphasizes that the knowledge of depositional systems ( geological formation) in association with the seismic interpretation of travel time in the presence ofanisotropy maybe more helpful in identifying hydrocarbon prospects in terms of source, spatial variability of reservoir bodies and entrapments.
